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Abstract: The chemical vapor deposition (CVD) of silicon carbide from vinyltrichlorosilane 
(VTS) was studied to identify a range of conditions leading to pure crystalline SiC. The deposition 
rate was recorded to evidence the various deposition regimes. Gas phase, elemental analyses and 
infiltration tests were also performed. Three distinct chemical reaction regimes were identified. In 
CVD conditions, carbon is co-deposited at low temperature while VTS is only partially 
decomposed. In infiltration conditions, the composition switches to pure SiC inside the porous 
substrate because of a depletion of reactive hydrocarbon species. Competing heterogeneous 
reactions are responsible for a hysteresis versus temperature, in both deposition rate and 
composition of the deposit. The high temperature domain is the most suitable to deposit pure 
crystalline SiC in CVD conditions. Hydrogen dilution strongly accelerates the homogeneous 
decomposition of VTS as compared to argon. Assumptions on the reaction mechanism were 
proposed describing the chemistry of this precursor. 
 
1. Introduction 
SiC/SiC composites are of great interest for use in aircraft engines and nuclear reactors. Their low 
density and high strength at high temperature make them good candidates to replace metallic alloys 
for such applications [1,2]. Chemical vapor infiltration (CVI) is often used to manufacture the 
silicon carbide matrix, since it enables the deposition of pure SiC inside the fibrous substrate [3]. 
The most used precursor for the chemical vapor infiltration (CVI) of SiC is methyltrichlorosilane 
(MTS, CH3SiCl3) diluted in hydrogen. This process often leads to some silicon excess at low 
temperature and low gas residence time [4,5], leading to a decrease of the lifetime of the final 
material [6]. Previous works from the literature mentioned that both the high reactivity of 
chlorosilanes and the low reactivity of hydrocarbons formed in the gas phase at low temperature 
could explain the low carbon content in the deposit [4,7–10]. Some authors have proposed to add 
HCl in order to promote silicon etching [17,11–13]. Others suggested to supply additional 
hydrocarbons, such as CH4 [14], C3H8 [15], C2H2 [16] or C2H4 [17] in the MTS/H2 mixtures, to 
counterbalance the silicon excess and enable pure SiC deposition. Another solution could be to use 
a single-source precursor with a higher carbon content, for instance C2H5SiCl3 [18–21], 
(CH3)2SiCl2 [22–28], (CH3)3SiCl or (CH3)4Si [27], to form pure SiC. The latter solution was 
chosen in the present work, by studying the feasibility of using an original moleculeμ 
vinyltrichlorosilane (VTS), C2H3SiCl3, as a precursor of pure SiC deposit in both CVD and CVI 
conditions. Unsaturated hydrocarbons are indeed likely to form from the vinyl group in the early 
stages of the VTS decomposition. The high heterogeneous reactivity of these species should favor 
carbon deposition and thus the formation of pure SiC. 
The second important aspect of this work is to improve the SiC infiltration capacity into porous 
substrates. Regarding the MTS/H2 system, Papasouliotis et al. noticed that the deposition rate and 
SiC mole fraction strongly depend on the distance of the substrate from the beginning of the hot 
zone, probably due to an increasing HCl content [λ]. As a result, they estimated that it is necessary 
to increase the residence time to achieve uniform infiltration of SiC in a porous preform with this 
precursor. Zhang and Hüttinger have observed the same phenomenon with the deposition rate and 
Si co-deposition depending on the position of the substrate in the reactor [5]. They also studied the 
influence of the substrate surface area/reactor volume (As/Vr) ratio, by using three different 
substrates, and noticed that more free Si was co-deposited when As/Vr was decreased. According 
to these authors, this effect could be due to the formation of heavier chlorosilane and 
carbochlorosilane species at low As/Vr ratio [5,2λ]. It could be responsible for a non-homogeneous 
composition of the solid deposited by CVI in porous substrates. 
The aim of the present study is to consider VTS as a potential precursor for the CVI of pure and 
crystalline SiC coatings with a high thickness uniformity. The influence of the CVD parameters 
has been examined through a kinetic study of the deposition rate, chemical and structural analysis 
of the solid deposit and infrared spectroscopy investigations of the gas-phase. Correlations 
between the various experimental results and data from the literature allowed proposing a basic 
homogeneous / heterogeneous reaction mechanism for the CVD of SiC from VTS. Finally, the 
CVI capability of this precursor has been studied through model pore infiltration [30]. 
 
2. Experimental procedure 
Vinyltrichlorosilane (Sigma Aldrich, 97 %) is liquid at ambient pressure and temperature (boiling 
temperature: 90 °C). It was injected in a vertical hot-wall CVD reactor (presented in Fig. 1) by a 
bubbling system with a dew point column in order to regulate the flow rate. The diluent gases (H2 
or Ar, ≥ λλ.λλλλ %, from Air Liquide) and the precursor flowed through a vertical silica tube (700 
mm long and 34 mm inside diameter) heated by a graphite susceptor (130 mm long and 55 mm 
inside diameter) coupled to a radio-frequency inductive coil. 
The reactor pressure P was fixed using a motorized valve and a Baratron® pressure gauge (both 
from MKS). The temperature in the reactor was monitored by a K type thermocouple inserted in 
the susceptor wall. The deposition temperature T of the substrate and the isothermal hot-zone (50 
mm long, at ±5 °C) were determined by recording thermal profiles prior to the CVD and CVI 
experiments with another thermocouple moving along the reactor axis (examples temperature 
profiles are given in reference [30]). 
The reactor was connected to a high-sensitivity microbalance (B Setsys from Setaram, sensitivity 
±1 mg) to which the specimen was hung allowing the in situ acquisition of the weight gain. The 
substrates used consisted in dense graphite (2318 PT from Mersen) cylindrical pins, 1 cm in height 
and diameter, with an outer surface of 4.71 cm-2. The deposition rate R, in mg.min-1.cm-2, was 
calculated by dividing the weight gain by the geometrical substrate surface. The open pores of the 
substrates were filled by a few microns-thick SiC coating to get a constant surface area before each 
run for reproducible measurements of R. Repeatability tests were carried out for every CVD 
condition tested. Several layers of CVD-SiC coating were deposited on the same substrate during 
the same run, by cutting off the reactant gas supply between each condition and modifying the 
temperature (500 – 1150 °C), pressure (2 – 10 kPa), the set point for the VTS (QVTS = 5 – 30 
standard cubic centimeters per minute, or sccm) or diluent gas flow rate (either hydrogen or argon, 
QH2/Ar = 100 – 500 sccm), and by letting the reactant gases flow again. The state of equilibrium of 
the temperature, pressure and H2 flow was carefully monitored in situ with the microbalance before 
introducing the reactant gases (the microbalance is extremely sensitive to any variation of T, P or 
gas flow). 
A Fourier transform infrared (FTIR) spectrometer (IS50 from ThermoScientific) was also coupled 
to the CVD reactor at the outlet for ex situ gas-phase analysis. 32 scans with a 0.5 cm-1 resolution 
were recorded for each spectrum. The background was recorded prior to the gas analysis for each 
temperature condition but under a pure H2 flow to calculate the absorbance spectra. Repeatability 
tests were also carried out for every condition to confirm the occurrence of a steady-state regime. 
Quantitative concentration measurements were carried out by calibration using pure gases, when 
available, at various partial pressures. 
The microstructure of the deposited films was examined using a scanning electron microscope 
(SEM, Quanta-400 FEG from FEI) equipped with an energy-dispersive X-ray spectroscopy (EDS) 
analysis module. 
The structural organization of the SiC phase and the presence of secondary phases (free silicon or 
free carbon) was assessed by Raman microspectroscopy (Labram HR from Horiba Jobin-Yvon) (  
= 632.8 nm, spectral resolution ≈ 2 cm−1, lateral resolution ≈ 1 m) and X-ray diffraction (XRD, 
D5000 from Siemens, Cu–Kα = 0.1542 nm, functioning in the θ–2θ configuration). 
The elemental composition of the coatings was controlled by electron probe micro-analysis 
(EPMA, SX 100 from CAMECA, source:15 kV, 20 nA). The Si and O weight concentrations were 
quantified with respectively LPET and PC1 crystals and the C concentration calculated by 
difference (SiC and SiO2 were used as standards). 
 
3. Results 
3.1. Influence of the temperature 
In a first experiment, the deposition temperature T was varied from 600 to 1150 °C, the total 
pressure P was set at 2 kPa, the total flow-rate Qtot at 150 sccm and the dilution ratio a = QH2/QVTS 
at 13. The Arrhenius plot of the deposition rate R is given in Fig. 2a. The partial pressures of the 
various gas species detected in parallel by FTIR at the outlet of the reactor are presented versus 
temperature in Fig. 2b. The deposition rate remains low (< 2.10-3 mg.min-1.cm-2) when increasing 
temperature from λ25 to λ75 °C. R increases with T with an apparent activation energy of 
approximately 250 kJ.mol-1. The EDS and Raman analyses (Fig. 3a) performed on a coating 
deposited at λ50 °C in steady-state conditions showed that the deposit consists mainly of carbon 
and only small amounts of silicon (≈ 5 at. %) and chlorine (≈ 0.8 at. %). High resolution TEM 
analyses only reveal short and distorted carbon 002 lattice fringes, with some degree of anisotropy, 
similarly as in a highly disordered pyrolytic carbon (Fig. 3b) [31]. Traces of oxygen were also 
detected (≤ 2 at. %), which may be due to oxygen or moisture adsorption during exposure to 
ambient air after deposition, possibly in relation with the presence of residual chlorine. The FTIR 
measurements at the reactor outlet show that VTS is scarcely decomposed at these temperatures, 
to form SiHCl3, C2H4 and a small amount of C2H2. Traces of SiH2Cl2 were also detected but could 
not be quantified (the pure species could not be analyzed so the molar absorption coefficient could 
not be determined). 
A further increase of temperature from λ75 to 1000 °C leads to an abrupt rise of R of more than 
one order of magnitude. Within this temperature domain, the deposit composition suddenly turns 
from nearly pure carbon to pure SiC (Figs. 4 and 5), indicating an important change in the 
heterogeneous reaction scheme. Simultaneously, a maximum of the SiHCl3 concentration is 
observed at the reactor outlet approaching 1000 °C, while the ethylene concentration strongly 
increases. 
Between 1000 and 1100 °C, the deposition rate remains high and the apparent activation energy, 
of the order of 200 kJ.mol-1, slightly decreases with increasing temperature. The solid deposited 
consists of pure polycrystalline -SiC (Figs. 4 and 5), with a crystallinity gradually improving with 
T (Fig. 4). The coating obtained at T = 1100 °C displays columnar grains having 111 axes oriented 
mainly along the growth direction and containing stacking faults (Fig. 6). The outlet ethylene and 
SiCl4 concentrations reach a maximum, while the SiHCl3 content exhibits a constant decrease. The 
very low VTS concentration detected downstream of the hot zone reveals that the precursor is 
almost totally decomposed. 
For temperatures above 1100 °C, the apparent activation energy becomes very low (it can be 
estimated below 50 kJ.mol-1). Between 1100 and 1150 °C, the elemental and Raman analyses show 
that free carbon is incorporated in the deposit in proportions increasing with temperature (Fig. 4). 
In the gas phase at the reactor outlet, the increase of temperature above 1100 °C results in a 
decrease of the concentrations of C2H4 and SiCl4, while the concentration of acetylene increases. 
During the decrease of the temperature from 1150 °C back to λ50 °C, the deposition rate follows 
the same Arrhenius law as observed during temperature increase. No hysteresis of R with 
temperature was evidenced in these conditions. 
The gas, solid and total mass yields of the carbon, silicon and chlorine elements were calculated 
respectively from the FTIR analyses at the reactor outlet, the temperature dependence of both the 
deposition rate and the composition of the deposit on the substrate and reactor walls (at P = 2 kPa, 
α = 13 and Qtot = 150 sccm, see Fig. 7). The contribution of SiH2Cl2 was not considered since this 
species was not quantified (see above). To simplify, the influence of the residence time on R along 
the temperature profile outside of the hot zone was also neglected (R was supposed to depend only 
on T on both sides of the hot zone). This assumption is valid in case of a surface reaction limitation 
(or chemical reaction regimeμ CRR) but not in a mass transfer regime (MTR). The deposition 
downstream on the cooler parts of the reactor was not considered. As expected, when T increases, 
the amounts of Si and C in the gas phase both decrease while those in the solid both increase (Fig. 
7a,b). An elemental deficit in the total mass yield appears from λ25 °C and reaches a maximum at 
1050 °C for Si and C and 1100 °C for Cl (Fig. 7c). Such a discrepancy in the mass yields could be 
related to the failure to consider some gaseous species (e.g. SiH2Cl2). It can be more likely 
attributed to the deposition of heavy species on the cold parts of the reactor [5]. Indeed, after 
several experiments, the replacement of the reactor tube revealed the presence of a brown solid, 
possibly similar to that collected by Cagliostro et al. during their CVD study from (CH3)2SiCl2/Ar 
mixtures [23]. The FTIR analysis evidenced that this compound originally contained Si–Cl and Si–
H bonds that readily reacted with ambient air to form Si–O–Si bonds. The resulting white powder 
was found by EDS to be composed of about 40 at. % of C, 25 at. % of Si and 33 at. % of oxygen 
(a strong luminescence prevented any phase analysis by Raman spectroscopy). The solid Si and C 
mass yields reach up to λ0 % and 46 % respectively at 1050 °C (P = 2 kPa, α = 13 and Qtot = 150 
sccm, Fig. 7a,b). This result indicates that the high depletion of the precursors at the reactor outlet 
and probably also in the hot zone is a direct consequence of heterogeneous reactions occurring at 
high temperatures. 
 
3.2. Influence of the total pressure 
In addition to the previous run at 2 kPa, two additional experiments were conducted to follow the 
thermal behavior of the deposition rate and the gas phase at 5 and 10 kPa (Figs. 8 and λ). The total 
flow rate and the dilution ratio were both kept constant to assess the influence of the total pressure 
on the deposition of SiC from VTS-H2. The increase of the initial partial pressure of VTS (resulting 
from the rise of the total pressure) leads to a shift of the Arrhenius plot towards lower temperatures 
(for clarity, the three Arrhenius curves are compared on the same plot in Fig. SI1 in the 
Supplementary Information). Except this temperature shift, the overall curve shape, the apparent 
activation energies of the different regimes and the evolution of both the gas phase and the 
composition of the deposit are similar at 5 kPa to those observed at 2 kPa (Figs. 2,5,8,SI1). A 
similar behavior was observed for the CVD of SiC from MTS/H2 mixtures [32]. 
In contrast with the 2 kPa experiment, a hysteresis phenomenon was observed in the Arrhenius 
plots of the deposition rate at 5 and 10 kPa. In the low-temperature part of the curve, the R value 
at a given temperature was found lower (respectively higher) when the deposition temperature was 
increasing (respectively decreasing), as shown in Figs 8a and λa. A hysteresis phenomenon was 
also observed in the change of the deposit composition. Pure silicon carbide was formed along the 
high deposition rate branch of the Arrhenius plot (i.e. upon cooling), whereas a carbon-rich coating 
was deposited along the low R branch (on heating). The hysteresis was also observed at 2 kPa, but 
for a dilution ratio a of 20 instead of 13 (see Fig. SI2 in Supplementary Information). On the other 
hand, for the various pressures and dilution ratios, no significant change was observed in the 
composition of the gas phase for the two hysteresis branches in the Arrhenius plots. 
At 10 kPa, the kinetic behavior is significantly different from that observed at 2 and 5 kPa. An 
intermediate linear domain appears in the Arrhenius plot in the range T = 800 – λ00 °C (Fig. λa), 
between the low temperature (with hysteresis) and high temperature domains. The related apparent 
activation energy is significantly higher (250 kJ.mol-1) than that measured in the high temperature 
domain of the Arrhenius plots at 2 kPa (T > 1000 °C), 5 kPa (T > λ50 °C) and 10 kPa (T > λ00 
°C). This specific kinetic regime suggests that conditions combining high pressures and 
intermediate temperatures may induce some changes in the reaction mechanism or at least in the 
limiting step of the deposition process. In this intermediate T domain, the C2H4 and SiCl4 outlet 
concentrations both increase with T, while the SiHCl3 concentration starts to decrease (Fig. λb) 
and the solid deposited consists of pure SiC (Fig. 5). The C2H4 and SiCl4 concentrations then 
decrease when T further increases, in the high temperature domain (λ00 < T < 1125 °C). The C2H2 
concentration significantly increases in parallel, while a large carbon excess appears in the solid. 
 
3.3. Influence of the total flow rate 
At a pressure of 2 kPa, the increase of the total flow rate (Qtot) leads to different behaviors of the 
deposition rate depending on the temperature (Fig. 10). For T = 1075 °C or T = 1100 °C, R strongly 
increases with Qtot over the entire range tested. This behavior is characteristic of a mass transfer 
limitation, as already suggested by the very low thermal activation on the Arrhenius plot (Fig. 2a, 
see section 3.1). The deposition rate tends to be less influenced by the total flow rate at 1025 °C, 
indicating a mixed limitation by both surface reactions and diffusion. 
Fig. 11a displays the change in the gas phase composition at the reactor outlet as a function of the 
residence time R (as calculated from the total flow rate Qtot) at P = 2 kPa, a = 13, and T = λ50 °C. 
Although the effect is less pronounced, a parallel can be drawn with the gas phase changes 
observed when increasing the temperature of the hot zone (Fig. 2b). VTS gets slightly more 
decomposed as R increases (or Qtot decreases), resulting in slightly more products at the reactor 
outlet. 
The effect of R on VTS decomposition is still effective at 1100 °C, while VTS is much more 
decomposed  and the gas products much more abundant  than at λ50 °C (Fig. 11b). On the other 
hand, the partial pressures of SiHCl3 and C2H4 now decrease when R increases, also as expected 
from the parallel with the temperature effect shown in Fig. 2b. The influence of R on the deposition 
rate at 1100 °C is completely different from that at λ50 °C. The surface reaction kinetics being 
highly activated by the concentration of reactive intermediates and most of all by temperature, the 
deposition rate is essentially limited by mass transfer, as suggested by the strong increase of R with 
R (see Fig. 10). 
The apparent kinetic constant k for the homogeneous decomposition of VTS was calculated from 











where a is the partial order of reaction. The best fit of the experimental P(R) data was obtained 
for a = 1 (Fig. SI3), suggesting a unimolecular decomposition of VTS (as for MTS). k obeys an 
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The apparent activation energy Ea of the kinetic constant k can then be obtained from the slope 
obtained after plotting the left side of equation (4) against 1/T.  
The apparent activation energy of VTS decomposition for 2 ≤ P ≤ 10 kPa is about Ea = 280 ± 10 
kJ.mol-1 for P = 2 kPa and 250 ± 50 kJ.mol-1 for P = 5 and 10 kPa (Fig. 12). 
Finally, the study of the influence of the total flow rate was completed by comparing different 
couples of (P; T) conditions leading to pure SiC coatings with relatively high and similar 
deposition rates (Figs. 2,5,8, 9, SI1): 2 kPa – 1025 °C (already examined above, see Fig. 10), 5 
kPa – 975 °C and 10 kPa – 900 °C (Fig. 13). R increases slightly with Qtot for the first two 
conditions, characterizing a limitation by both diffusion and surface reactions. The 10 kPa – 900 
°C condition leads to a slightly negative slope of R vs. Qtot, which is related to a chemical reaction 
regime that is little affected by homogeneous reactions. This condition lies in the high temperature 
region of the intermediate linear domain, which has been identified in the Arrhenius plot (T = 800 
– 900 °C) (Fig. 9a, see section 3.2.). 
 
3.4. Influence of VTS dilution 
The influence of dilution in H2 on the deposition kinetics and the decomposition of VTS was 
investigated at P = 2 kPa. In a first step, the influences of the temperature on the deposition rate 
and the VTS decomposition ratio (1 - PVTS/PVTS,0) at different dilution ratios (a = 10, 20 and 30) 
were compared. The increase of the dilution in H2 (i.e. of a) results in a shift to a lower temperature 
and a more progressive transition between the low and high temperature kinetic regimes (Fig. 14). 
The apparent activation energy of the low temperature kinetic regime is also lower, suggesting a 
change in the deposition mechanism, and the deposition rate in the high temperature regime(s) is 
also lower. The increase of a simultaneously leads to an increase of VTS decomposition at a given 
temperature (Fig. 15). 
To better dissociate their respective role, the VTS and H2 apparent partial orders were evaluated at 
T = λ75 °C and 1000 °C, i.e. respectively in the low temperature and high temperature kinetic 
regimes (Fig. 2a). The initial partial pressures of both VTS and H2 (PH20) were modified 
independently (at a constant total flow rate of Qtot = 205 sccm) and their respective influences on 
the deposition rate and the composition of the gas phase were examined. At T = λ75°C, R does not 
vary significantly with PVTS0 between 0.1 kPa and 0.2 kPa (Fig. 16a). The FTIR analysis shows 
that VTS is simultaneously less decomposed (Fig. 16b). These results are both consistent with 
those obtained in the study of the influence of a (Figs. 14 and 15). On the other hand, the increase 
of PH20 has no effect on R over the whole range of partial pressure tested (Fig. 17a), while a higher 
decomposition of VTS (Fig. 17b) and an increase of the concentration of hydrogen chloride, 
ethylene and trichlorosilane are detected simultaneously [30]. A similar influence of PH20 was 
observed on the decomposition of MTS [33]. At 1000 °C, in the high temperature regime, the 
apparent VTS partial order is approximately equal to 2 for PVTS0 = 0.05 – 0.1 kPa (Fig. 16a). It 
gradually decreases as PVTS0 increases, down to a negative value at high partial pressures. Unlike 
at λ75 °C, the H2 partial order remains constant and equal to 1.2 at 1000 °C (Fig. 17a). On the 
other hand, as at λ75 °C, the decomposition of VTS is limited (respectively promoted) by the raise 
of PVTS (respectively PH20, Figs. 16b and 17b). No change in the chemical composition of the solid 
was detected while varying PVTS0 and PH20 in the above partial orders studyμ the coating is 
respectively free carbon-rich and stoichiometric at λ75 and 1000°C. 
The influence of the nature of the diluent gas was finally evaluated by comparing the deposition 
kinetics and the decomposition behavior of VTS, when diluted in pure H2 or pure Ar (PAr0/PVTS0 
= 13, P = 2 kPa and Qtot = 150 sccm). The deposition rate is typically two orders of magnitude 
lower for VTS/Ar than for VTS/H2 and obeys an Arrhenius law with an apparent activation energy 
of about 250 kJmol-1 over the range 1025 – 1125 °C (R could not be measured below 1025 °C with 
argon, compared to λ25 °C with H2, Fig. 18a). The FTIR analysis shows in parallel that VTS is 
less decomposed with Ar, compared to H2, while the formation of less hydrogenated gas species 
like C2H2 and SiCl4 is favored (Fig. 18b). The Raman and EDS analyses of the coating obtained 
with Ar show that it consists of nearly pure carbon for the whole temperature domain. Similar 
results were obtained from studies by Kim et al. on MTS/Ar mixtures [34]. These authors indeed 
reported a decrease of the growth rate and a carbon enrichment in the deposit for temperatures 
below 1150 °C. The CVD from VTS diluted in argon thus presents many similarities with the CVD 
in H2 in the low temperature kinetic regime. 
 
3.5. Influence of the addition of gas products in the initial VTS/H2 mixture 
In order to better understand the influence of the main products formed in the gas phase at P = 2 
kPa, the SiHCl3 (TCS), C2H4 and C2H2 apparent partial orders were evaluated at T = 975 °C and 
1000 °C and the nature of the resulting deposit was examined. As above for VTS, the initial partial 
pressures of the three gaseous species were modified (Qtot = 205 sccm) and their influences on the 
deposition rate and the composition of the deposit were examined. The change in the initial partial 
pressure of SiHCl3, PTCS0, does not significantly affect R at both temperatures within the PTCS0 
domain explored (Fig. 19a). R is however lower at T = 1000 °C than without SiHCl3 addition. 
Whereas the deposited solid remains carbon-rich at T = 975 °C, it consists of pure SiC at T = 1000 
°C for all PTCS0 tested. 
R also does not vary much with PC2H40 for both temperatures. However, an inhibition effect is also 
observed at T = 1000 °C after the addition of C2H4 (Fig. 19b). As for TCS, the apparent partial 
order is low but could not be determined precisely due to too much uncertainty on R. The obtained 
deposit being too thin, EPMA or EDS analyses could not be performed. Yet, Raman spectroscopy 
measurements evidenced that excess carbon was formed for both temperatures after C2H4 addition. 
Unlike for the other two gases, R increases significantly with PC2H20, with an apparent partial order 
approximately equal to 1 for both temperatures (Fig. 19c). The deposition rate is again inhibited 
at 1000 °C at low values of PC2H20. As after adding C2H2, the Raman spectroscopy analyses reveal 
the presence of a large amount of free carbon in the deposit. 
 
3.6 Infiltration capability of VTS 
The porous structure of the fibrous fabrics used to produce SiC/SiC composites is particularly 
complex and multiscale, so that its infiltration is in practice difficult to characterize. Model porous 
substrates were therefore preferred to evaluate the infiltration capability of the VTS precursor in 
various CVD conditions. Open pores, with openings of about 100 µm or a few hundred microns, 
were chosen because they are representative of the macropores of SiC/SiC composites. Their 
infiltration capacity is crucial, as many of them are interconnected and communicate with the rest 
of the smaller pores. Straight parallelepipedic 20 mm-long channels with narrow slit-shaped 
openings of various widths at both ends were used as model pores. These substrates consisted in 
two tightly-assembled graphite plates, the first one with three trenches of equal width (2 mm) and 
different depths (50, 100 and 300 µm) machined on one side, the second one being completely flat 
(Fig. 20). The porous substrates were installed at the same place as the dense substrates used for 
the kinetic study, the channels being perpendicular – the openings parallel – to the gas flow 
direction. 
The deposition rate was normalized with respect to the maximum value (generally reached at the 
surface) for an easier comparison of pore depth profiles. Under a given CVD condition (e.g. hereμ 
T = 1025 °C, P = 2 kPa, α = 13 and Qtot = 300 sccm), the larger the opening width, the easier the 
diffusion of the gases inside the pore, and the better the infiltration (Fig. 21). 
Since the deposition temperature was found to induce important changes in the deposition rate and 
the composition of the solid and the gas phase, different infiltration tests were achieved at various 
T and constant pressure (P = 2 kPa), dilution ratio in H2 (α = 13) and total flow rate (Qtot = 300 
sccm). The resulting infiltration profiles for a 300 mm-wide pore are shown in Fig. 22. The 
infiltration test carried out at T = λ50 °C leads to a remarkable resultμ the coating is very thin and 
consists of nearly pure carbon at the outside of the substrate and near the entrance in the channel, 
and turns to pure SiC at a distance of 0.6 mm and deeper into the pore. The transition from the 
carbon-rich deposit to pure SiC is abrupt and associated with a sharp increase of the deposition 
rate. The maximum value reached at 4.6 mm is 2.8 mm.h-1 whereas the value at the surface is only 
0.06 mm.h-1. This phenomenon can be likely related to the kinetic transition observed during the 
CVD experiments carried out while raising T in the range λ50 – 1000 °C. Contrary to the λ50 °C 
experiment, the infiltration tests performed at 1025 and 1100 °C lead to pure SiC at the surface 
and inside the pore. On the other hand, the deposition rate suddenly drops to nearly zero within a 
short distance (< 1 mm) of the pore entrance (Fig. 22). The maximum values reached at the surface 




4.1. The low temperature regime: CRR1 
The low temperature chemical reaction regime observed using the VTS/H2 system (it will be 
referred to as CRR1 in the following) corresponds to the starting decomposition of VTS (Fig. 2b). 
It is associated to the deposition of large excess of carbon (Fig. 5) at low deposition rates (Fig. 2a), 
with an apparent activation energy of about 250 kJmol-1 (Fig. 10). Some similar features have also 
been encountered for the VTS/Ar system. Indeed, in this case R is low, its apparent activation 
energy is similar (Figs. 18a) and the deposit is carbon-rich, although formed at a much higher 
temperature than for a dilution in H2. Besides, the gas phase analysis reveals that the decomposition 
of VTS occurs at a higher temperature (Fig. 18b) and with a more thermally activated process (Ea 
= 350 kJ.mol-1 versus 280 kJ.mol-1 for VTS/H2 in the CRR1 regime, Fig. 18a). This result thus 
suggests that the decomposition reaction of VTS might not be the same for the VTS/H2 and 
VTS/Ar systems. A similar behavior was also reported by one of us during a study of the 
SiHCl3/C2H2/H2 system [35]. The deposition rate and the apparent activation energy obtained in 
this case were indeed very close to those of the CRR1 regime for the VTS/H2 system. The coating 
then was also deposited at low temperature and rich in free carbon, supposedly controlled by the 
adsorption of C2H2 due to its high sticking coefficient. Although the decomposition steps 
obviously vary for these various precursor systems, the nature of the solid, the deposition rate and 
the apparent activation energy are all rather similar. Such common features suggest that the 
limiting stage of CRR1 regime may be related to chemical reactions involving unsaturated 
hydrocarbon species. 
Given the nature the hydrocarbons detected by FTIR from the VTS/H2, VTS/Ar and 
SiHCl3/C2H2/H2 systems [35], it can be assumed that three major unsaturated species could 
participate in the deposition of free carbon. C2H2 is produced in low amounts in the CRR1 regime 
from VTS/H2 and in larger proportions from VTS/Ar (Figs. 2 and 18). Its sticking coefficient is of 
the order of 0.02 – 0.05 [36–39] and its addition to the VTS/H2 mixture increases significantly the 
deposition rate in the CRR1 regime (Fig. 19c). López-Honorato et al. also reported that a thin 
carbon layer was deposited above the fluidized bed (FB) in a FB-CVD reactor using a 
MTS/C2H2/H2 mixture, while a pure SiC coating was grown on the FB particles themselves [40]. 
In comparison, no such carbon layer was produced using MTS/H2 or MTS/C3H8/H2 mixtures in 
the same conditions, suggesting that C2H2 plays a major role in the deposition of free carbon. C2H4 
is found in large amounts in the gas phase for the VTS/H2 system in the CRR1 regime (Figs. 2). 
Its sticking coefficient is about ten times lower than that of C2H2 [37,38] and its addition in the gas 
does not increase of the deposition rate (Fig. 19b). We did not observe the formation of carbon-
rich coating using a SiHCl3/C2H4/H2 mixture, at P = 2 kPa, at the temperatures at which the deposit 
starts to be formed [35]. On the other hand, Sotirchos et al. noticed that the addition of C2H4 in a 
mixture of MTS/H2 improved the deposition rate of free carbon at P = 13.3 kPa and T = 1075 °C 
[17]. But this result could be due to larger concentrations of C2H2 and C2H3▪, resulting from the 
decomposition of C2H4, possibly related to the high pressure applied in comparison with that used 
by us (P = 2 kPa). We indeed did not detect C2H2 by FTIR from the SiHCl3/C2H4/H2 mixture. 
Finally, the radical C2H3▪ can be produced by the scission of the Si–C bond of VTS. This species 
is likely at the origin of C2H2 and C2H4, detected by FTIR. It has a sticking coefficient similar to 
that of C2H2 and could thus be involved in the deposition of free carbon [37,38]. 
The apparent activation energies reported for the CVD of pyrolytic carbon from C2H2 and C2H4, 
at atmospheric pressure, are respectively 138 and 155 kJmol-1 [41], which is much less than the 
250 kJmol-1 found for the CRR1 regime. The respective deposition mechanisms of carbon are 
obviously distinct, probably due to the very different pressure. The presence of chlorosilicon 
species could also promote another deposition mechanism. Sotirchos et al. indeed noticed an 
increase of the deposition rate of pyrolytic carbon from C2H4/H2 in presence of MTS [17]. These 
authors explained this phenomenon by a reaction between CH▪ and SiCl3▪ species adsorbed on two 
adjacent sites to incorporate a carbon atom in the coating and form adsorbed SiCl2 and HCl. Yet, 
this purely heterogeneous model is not able to explain the growth of almost pure carbon under 
steady state conditions. The increase in deposition rate can be more likely explained by the 
occurrence of radical reactions related to the chlorine chemistry. The appearance of Cl▪ radicals in 
the gas phase indeed lead to the formation of highly reactive hydrocarbon species, such as CH3▪, 
which may serve as effective precursors of carbon [42,43]. We also showed that the reactional 
mechanism involved in the hydrocarbon gas phase produced from the SiHCl3/C2H4/H2 system is 
linked to that governing the chlorosilicon homogeneous phase via the radical H▪. H▪ is indeed 
formed from reactions between hydrocarbons, and consumed through reactions between 
chlorosilicon species, thus modifying the balance between the two chemical systems [35]. 
 
4.2. The C / SiC transition and the hysteresis phenomenon 
From VTS/H2, at P = 2 kPa, the increase of the deposition temperature between 975 and 1000°C 
results in the transition between a carbon-rich coating (in the CRR1 regime) to a pure SiC coating, 
whose deposition is controlled by a distinct – high temperature – chemical reaction regime 
(referred to as CRR2) (Fig. 5). A very similar phenomenon was observed between 1000 and 1025 
°C using a SiHCl3/C2H2/H2 mixture (also at P = 2 kPa), with an initial C/Si ratio in the gas phase 
of 3 [35]. This transition can be explained by a change in the nature of the chlorosilicon gas phase 
at high temperature, promoting the formation SiCl2 as a precursor of silicon. The origin of this 
transition for the VTS/H2 system is probably more complex considering the hysteresis of the 
deposition rate during the temperature rise or fall observed between CRR1 and CRR2 at P = 5 kPa 
(Fig. 8a). A hysteresis is indeed also observed at 10 kPa, but between CRR1 and an intermediate 
regime below CRR2, referred to as CRR2* (Fig. 9a). In the VTS case, the hysteresis seems more 
likely related to a heterogeneous process. This assumption is supported by the fact that the changes 
in the gas phase are not themselves subject to hysteresis upon heating/cooling. Sotirchos et al. 
reported a very similar hysteresis in both R and deposit composition with a MTS/C2H4/HCl/H2 
mixture [17,44–46]. These authors correlated this phenomenon to modifications of both the 
deposition temperature and the initial HCl concentration in the gas phase, and explain it by the 
existence of a multiplicity of steady states in the co-deposition of SiC and C for a given 
experimental condition. This work also showed that the formation of free carbon, following the 
increase in C2H4 concentration, is accompanied by a sharp drop of the deposition rate [17,44–46]. 
This result is very similar to that reported here at T = 1000 °C, after the addition of 0.025 mol. % 
of C2H2 or C2H4 to the initial VTS/H2 mixture (Fig. 19b,c). Sotirchos et al. suggested that the sp2-
C deposit inhibits the deposition of SiC, the transition from C to SiC being controlled by the 
interaction between the heterogeneous mechanisms of deposition the two respective phases. The 
model describing the hysteresis phenomenon involves a competition between the different 
adsorption sites of SiCl2 and C2H4. 
On the basis of the model suggested by Sotirchos et al. and the current results, three major effects 
could explain the hysteresis phenomenon. 
4.2.1. the role of HCl 
In their study of the MTS/C2H4/H2 system, Sotirchos et al. noticed that (i) no hysteresis appeared 
without HCl addition and (ii) the addition of more than 10 mol. % HCl induced a strong drop of 
the deposition rate. The latter effect is due to the inhibition of the silicon adsorption sites by 
chlorine blockage [13]. It has often been mentioned in CVD studies of the MTS/H2 system 
[8,9,12,29] and described by modelling [47]. It could also explain the decrease of the deposition 
rate observed in the CRR2 regime (at T = 1000 °C) after the addition of SiHCl3 in the VTS/H2 
mixture (Fig. 19a). Not only can the adsorption of silicon be hindered by HCl, but chlorine could 
also enhance the deposition of carbon via radical reactions in the CRR1 regime (see section 4.1). 
As the temperature rises from an initial low T level, the silicon sites, saturated by chlorine, inhibit 
the SiC deposition at the surface [48]. Simultaneously, the reactive hydrocarbon gas phase 
(containing C2H2 and C2H3▪) contributes to the deposition of free carbon at low deposition rate. 
Conversely, as the temperature decreases from an initial high level, the Si sites are free of chlorine 
that has desorbed at high temperature, and the SiC deposit is free to form at high deposition rate. 
The consecutive of rise and fall of deposition temperature thus induce the hysteresis of the 
deposition rate and the deposit composition. The presence of chlorine and silicon trapped in the 
free carbon network of the coating obtained in the CRR1 regime (see section 3.1.) is also consistent 
with such a mechanism. The fact that the hysteresis appears only at P ≥ 5 kPa could be then related 
to the larger amounts of HCl produced at high pressure, as suggested by FTIR analyses [30]. 
In addition to the influence of HCl, the role of the hydrocarbon gas phase is also decisive for the 
appearance of the above hysteresis phenomenon. Indeed, no hysteresis was found for the 
MTS/HCl/H2 system: Sotirchos et al. observed it only within a narrow C2H4 partial pressure range. 
A highly reactive hydrocarbon phase is essential, but so is the formation of the solid free carbon 
phase, as discussed below. 
 
4.2.2. The chemical nature of the surface of the deposit 
The sticking coefficient of chlorosilicon species is probably much lower on the free carbon phase 
than on the SiC phase, due to the different surface atomic configurations. The growth of hexagonal 
carbon layers at the expense of SiC, during the CRR1 regime, is therefore expected to hinder the 
adsorption of chlorosilicon species. Hence, the different chemical nature of the deposit surface 
encountered either on heating or cooling could obviously contribute to the hysteresis of the 
deposition rate of pure SiC and the sp2 carbon-rich material. 
 
4.2.3. The nature of the effective precursors of the deposit 
Sukkaew et al. established by ab initio calculation that contrary to CH3▪ or C2H4, which is cleaved 
in two distinct CHx groups, C2H2 is adsorbed at the (0001) surface, Si face, of 4H–SiC in a 
configuration such that its two carbon atoms remain chemically bonded [39]. Similar conclusions 
had been drawn by Di Felice et al. who studied C2H2 adsorption on both Si(111) and (Si(001) 
surfaces of 3C–SiC [49]. It is then reasonable to assume that a Si surface of SiC saturated by 
adsorbed C2H2 can evolve towards a continuous sp2 carbon surface by dehydrogenation and atomic 
reorganization. Although none of these authors considered the presence of chlorine in the system, 
Di Felice et al. suggested that the stability of the C–C bond after C2H2 adsorption could lead to an 
inhibition of the SiC growth. In the present case, the adsorption of SiCl3▪, the precursor of SiHCl3 
detected at the reactor outlet, should therefore be more difficult at a site where C2H2 is adsorbed – 
and a fortiori at a sp2 carbon surface – than at sites where CH3▪ or C2H4 are adsorbed. Even though 
the real nature of the surface is obviously different from that considered by Di Felice et al. or 
Sukkaew et al., these ab initio studies tend to show that the free carbon phase growth in the low 
temperature CRR1 regime could result from a preferential adsorption of C2H2. At higher 
temperature, the formation of another hydrocarbon species able to form sp3 Si–CHx bonds on a Si 
surface of SiC (contrary to C2H2) – or another chlorosilicon species able to form sp3 C–SiClx bonds 
on a sp2 carbon surface – could be at the origin of the transition from carbon rich to pure SiC 
coating. The C2H4 concentration was found to significantly increases with T over the CRR1 
domain (Figs. 2b,8b,9b). This species could contribute to the incorporation of increasing amounts 
of sp3 carbon atoms over the CRR1-CRR2 transition and thus the formation of SiC. Its particular 
adsorption configuration promotes surface reaction with chlorosilicon species [39,49]. 
 
4.3. The different kinetic regimes 
The Arrhenius plots of the deposition rate for the MTS/H2, SiHCl3/C2H4/H2 and VTS/H2 systems 
are compared in Fig. 23 (P = 2 kPa, MTS/H2: QH2/QMTS = 10, Qtot = 200 sccm [35], 
SiHCl3/C2H4/H2: QH2/QSiHCl3 = 10, QC2H4/QSiHCl3 = 3/2, Qtot = 250 sccm [35], VTS/H2: see Fig. 
2a). 
The CRR1 regime observed for T < 975 °C is a specificity of the VTS/H2 systems. It is kinetically 
controlled, probably by the surface reaction of C2H2 that is produced in the gas phase (see section 
4.2.3), and it leads to the growth of carbon-rich material at low deposition rate. The activation 
energy is about 250 kJmol-1 and the apparent C2H2 partial order of about 1 (Fig. 19c). 
For T > 1000 °C, in the CRR2 regime, the thermal behavior of R for the VTS/H2 system is very 
similar to that for the MTS/H2 and SiHCl3/C2H4/H2 systems. The apparent activation energy at T 
= 1000 – 1050 °C is close for the three systems (≈ 150±10 kJ.mol-1), suggesting that similar 
heterogeneous reactions are kinetically limiting for the various precursors [7,32,35]. The main 
effective silicon precursors are likely similar for all three systems, i.e. SiCl2 and SiCl3▪ [5,7,50], 
which is probably not the case for the hydrocarbon precursors. For MTS/H2, CH3▪ is more likely 
the major carbon precursor [5,7,50], while it is more probably C2H2 or C2H3▪ for the 
SiHCl3/C2H4/H2 [35] and VTS/H2 system. 
As observed here for the VTS/H2 system, increasing the pressure in the MTS/H2 system sometimes 
give rise to a new intermediate kinetic regime between the CRR/MTR transition, referred to as 
“third sub-domain” or CRR3, and a shift towards low temperatures of the kinetic transition between 
the CRR1 and the CRR2 regime [32] (it is important to mention that CRR1 and CRR2 regimes, 
here written in italic and reported in [32] for the MTS/H2 system, have nothing in common with 
the CRR1 and CCR2 regimes described in the present study on the VTS/H2 system). The high 
pressure CRR3 domain was associated to a change in the heterogeneous mechanism, associated to 
the formation of large amounts of HCl inhibiting the SiC growth [32]. The intermediate CRR2* 
domain observed at P = 10 kPa for VTS/H2 (Fig. 9a) probably has a different origin from that of 
CRR3 for MTS/H2. R was indeed found to decrease when Qtot increases, in the CRR2* domain (at 
P = 10 kPa and T = 900°C, Fig. 13), suggesting a lower decomposition of VTS due to insufficient 
residence time (a strong decrease of the VTS decomposition was indeed detected in parallel by 
FTIR) [30]. Moreover, the apparent activation energies of the deposition rate in the CRR2* domain 
(Fig. 9a) is close to that of the VTS homogeneous decomposition (Fig. 12), suggesting that R is 
likely limited by the latter reaction in this particular regime. The shift towards low temperatures 
of the kinetic transitions, observed when P increases (Figs. 2a,8a,9a,SI1), is due to an increase of 
both the molecular collision probability and the residence time, these effects both promoting the 
VTS decomposition Figs. 2b,8b,9b,11). 
In the highest temperature range (i.e. beyond the CRR2 regime), at P = 2 and 5 kPa, the kinetic 
rate becomes increasingly controlled by mass transfers (Figs. 2a,8a,10) and all the partial pressures 
of the gas product decrease as T increases, except HCl and C2H2 (Figs. 2b,8b). In parallel, free 
carbon is co-deposited at the highest temperatures of this regime, similarly as observed for 
SiHCl3/C3H8/H2 and SiHCl3/C2H4/H2 [35]. This carbon enrichment of the coating seems related to 
a depletion of the gas phase in chlorosilicon species participating to the deposition silicon (Fig. 
7a) and to the formation of highly reactive hydrocarbons (e.g. C2H2 or heavier species). 
 
4.4. Relationship between CVD and infiltration conditions 
At P = 2 kPa and T = 950 °C, i.e. in the CRR1 deposition domain, the infiltration test leads to 
strong discontinuities along the longitudinal deposition profile. The deposition rate is indeed very 
low and the deposit carbon-rich for x < 0.6 mm, whereas R increases abruptly and the coating turns 
to pure SiC for x > 0.6 mm (Figs. 22). This infiltration behavior is obviously very different from 
what is generally observed for other precursors, in particular for the MTS/H2 system (see in Fig. 
24 an example of infiltration profile recorded for T = 970 °C, QH2/QMTS = 3, Qtot = 160 sccm). The 
sudden transition in both R and solid composition for the VTS/H2 system can be assigned to a local 
change of the effective precursor of the deposit. Outside and near the pore entrance, where nearly 
pure CVD conditions apply, the deposition of a carbon-rich coating at very low deposition rates 
could be closely related to the formation of C2H2 in the gas phase and its adsorption at the surface 
of the deposit (see section 4.2.3.). The depletion of C2H2 consumed by the free carbon deposition 
at the entrance of pore and the increase of the local residence time (as suggested by Fig. 11a) would 
then lead, deeper in the pore, to an increase of the concentration of C2H4. The latter species is 
capable of adsorbing to the surface and disrupting the deposition of sp2 carbon (see section 4.2.3.). 
The structural disorder of the free carbon phase increasing, the SiCl2 adsorption would then 
become more favorable and thus promote the deposition of pure SiC at high deposition rates. 
Hence, the increase in the concentration of C2H4 and SiCl2 (caused respectively by the C2H2 
depletion and increase of R) from the outside to the inside of the pore, would be responsible for 
the carbon-rich to pure SiC transition and the remarkable increase of the deposition rate. This 
hypothesis is similar to that made by Wang and Tsai to explain the transition from a carbon-rich 
to a silicon-rich deposit, between the reactor inlet and outlet, using SiH2Cl2/C2H2/H2, [51]. 
The carbon-rich to SiC transition observed at 950 °C for the VTS/H2 system could be problematic 
for specific applications. Another potential way to improve the stoichiometry and homogeneity of 
infiltrated deposits could be the use of two separate silicon and carbon precursors of appropriate 
reactivity. We have also explored this approach (see in Fig. 24 an example of infiltration profile 
recorded using a SiHCl3/C3H8/H2 mixture, for T = 970°C, QH2/QSiHCl3 = 10, QC3H8/QSiHCl3 = 1, Qtot 
= 240 sccm), which we will discuss in a forthcoming article. 
 
5. Conclusions 
The deposition of SiC from vinyltrichlorosilane was investigated in terms of deposition rate, 
chemical composition of the solid and nature of the gas phase at the exhaust of a hot-wall reactor. 
Three different domains of deposition rate were observed and associated to different sets of 
homogeneous and heterogeneous reactionsμ 
- At low temperatureμ a CRR1 domain with an activation energy of 230 kJ.mol-1 is observed. The 
deposit consists mainly of carbon with a only few percent of silicon. VTS tends to decompose into 
highly reactive carbon-bearing species such as C2H2▪, in contrast with the CH3▪ radicals formed 
from MTS. 
- At medium temperatureμ pure SiC is deposited within the CRR2 domain (Ea = 150 kJ.mol-1) 
beyond a narrow domain of bistability. Ethylene and SiCl4 are respectively the major carbon and 
silicon-bearing species detected in the CRR2 domain, while the concentration of SiHCl3 is 
significantly reduced. 
- At high temperature, mass transfer becomes the limiting step of the deposition rate. SiC is 
obtained with a small excess of carbon due to the formation of highly reactive hydrocarbons 
(associated with a higher concentration of C2H2 in the gas phase) and depletion of silicon species. 
The domain of bistability observed between the CRR1 and CRR2 regime, is related to a hysteresis 
of the deposition rate upon the temperature increase or decrease. This effect is assigned to a change 
in the nature of the deposit (from a carbon-rich to a pure SiC coating) affecting the heterogeneous 
reactions. 
The pressure dependence of the deposition rate allowed to establish a P-T diagram delimiting the 
different kinetic and composition domains for the SiC deposition from VTS (Fig. 14). 
The rate constant and the apparent activation energy of the unimolecular decomposition of VTS 
(Ea = 230 kJ.mol-1) were determined from FTIR analyses performed as a function of the residence 
time R. The increase of R leads to a higher VTS decomposition rate and therefore a higher 
deposition rate, particularly in the MTR domain.  
The nature of the dilution gas and the dilution ratio of VTS was varied in order to understand the 
role of hydrogen in the decomposition of the precursor and help proposing a homogeneous 
chemical mechanism. Although the coating consists mainly of carbon when using Ar as the diluent 
gas, pure SiC was deposited at all the initial partial pressures of H2 and VTS examined for the 
VTS-H2 system in the CRR2 domain. 
The infiltration of pure SiC in model channel pores is more homogeneous when decreasing the 
substrate temperature, although no SiC is deposited at the entrance of the pores at the lowest 
temperatures (T ≤ λ50°C). 
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Figure 1μ Multi-instrumented CVD reactor 
Figure 2μ (a) Arrhenius plot of the deposition rate R and (b) influence of the temperature T on the 
gas partial pressures Pi at the reactor outlet (P = 2 kPa, α = 13 and Qtot = 150 sccm) 
Figure 3μ (a) Raman spectrum (from the outer surface) and (b) high resolution TEM image (insetμ 
selected area diffraction pattern) of a coating obtained at T = λ50 °C, P = 2 kPa, α = 13 and Qtot = 
150 sccm 
Figure 4μ Raman spectra of coatings obtained at different temperatures T and at P = 2 kPa, α = 13 
and Qtot = 150 sccm (from polished cross sections) 
Figure 5μ Influence of the temperature T on the elemental composition of the solid deposit 
(measured upon heating, α = 13, Qtot = 150 sccm) 
Figure 6μ TEM images of a coating obtained at T = 1100 °C, P = 2 kPa, α = 13 and Qtot = 150 sccm. 
(a) bright field, (b) 111 dark field, (c) high resolution and (d) selected area diffraction pattern 
Figure 7μ Gas, solid and total mass yield of (a) Si and (b) C, (c) comparison of the total Si, C and 
Cl total mass yields (P = 2 kPa, α = 13 and Qtot = 150 sccm) 
Figure 8μ (a) Arrhenius plot of the deposition rate R and (b) influence of the temperature T on the 
gas partial pressures Pi at the reactor outlet (P = 5 kPa, α = 13 and Qtot = 150 sccm) 
Figure λμ (a) Arrhenius plot of the deposition rate R and (b) influence of the temperature T on the 
gas partial pressures Pi at the reactor outlet (P = 10 kPa, α = 13 and Qtot = 150 sccm) 
Figure 10μ Influence of the total gas flow rate Qtot  on the deposition rate R (P = 2 kPa, α = 13). 
Figure 11μ Influence of the gas residence time tR on the partial pressures Pi at the reactor outlet (P 
= 2 kPa, α = 13, (a) T = λ50°C, (b) T = 1100°C, 
Figure 12μ VTS decomposition kinetics, as deduced from the temperature dependence of the VTS 
partial pressure (α = 13, Qtot = 300 sccm) 
Figure 13μ Influence of the total gas flow rate Qtot on the deposition rate R, at different P – T 
conditions (α = 13, Qtot = 150 sccm) 
Figure 14μ Influence of the VTS dilution ratio a on the deposition rate R (P = 2 kPa and Qtot = 150 
sccm) 
Figure 15μ Influence of the VTS dilution ratio a on the decomposition ratio of VTS (P = 2 kPa, 
Qtot = 150 sccm) 
Figure 16μ Influence of the initial VTS partial pressure PVTS0 on (a) the deposition rate R and (b) 
the residual VTS partial pressure PVTS at the  at the reactor outlet (P = 2-2.1 kPa, Qtot= 205 sccm). 
Figure 17μ Influence of the initial H2 partial pressure PH20 on (a) the deposition rate R and (b) the 
residual VTS partial pressure PVTS at the reactor outlet (P = 2-2.5 kPa, Qtot= 205 sccm). 
Figure 18μ Influence of the VTS dilution in argon on (a) the deposition rate R and (b) the gas partial 
pressures Pi at the reactor outlet (PAr0/PVTS0 = 13, P = 2 kPa, Qtot = 150 sccm) 
Figure 1λμ Influence of the (a) TCS (PTCS0), (b) C2H4 (PC2H40) and (c) C2H2 (PC2H20) partial pressure 
added in the initial gas phase on the deposition rate R (P = 2-2.2 kPa, α = 20, Qtot= 205 sccm). 
Figure 20μ Model porous substrates used for CVI experiments (a) before and (b) after assembling 
of the two graphite elements. 
Figure 21μ Normalized deposition rate along the various openings model channel pores (x = 0 at 
the entrance of the channel pore, T = 1025 °C, P = 2 kPa, α = 13, Qtot = 300 sccm) 
Figure 22μ Normalized deposition rate of pure SiC along the 300 mm-opening model channel pore 
(x = 0 at the entrance of the channel pore, P = 2 kPa, α = 13, Qtot = 300 sccm) 
Figure 23μ Comparison of the Arrhenius plots of the deposition rate at P = 2 kPa for MTS/H2 
(QH2/QMTS = 10, Qtot = 200 sccm) [34], SiHCl3/C2H4/H2 (QH2/QSiHCl3 = 10, QC2H4/QSiHCl3 = 3/2, 
Qtot = 250 sccm) [34] and VTS/H2 (α = 12, Qtot = 150 sccm) 
Figure 24μ Comparison of the normalized deposition rate of pure SiC along the 300 mm-opening 
model channel pore, at P = 2 kPa, for MTS/H2 (T = λ70°C, QH2/QMTS = 3, Qtot = 160 sccm) [34], 
SiHCl3/C3H8/H2 (T = λ70°C, QH2/QSiHCl3 = 10, QC3H8/QSiHCl3 = 1, Qtot = 240 sccm) [34] and VTS/H2 
(T = λ50°C, α = 12, Qtot = 150 sccm) 
1 – Silica tube reactor
2 – Graphite susceptor
3 – RF inductive coil
4 – Thermocouple
5 – VTS/H2 gas inlet
6 – Gas outlet (to liquid N2
trap and pressure control)
7 – FTIR spectrometer
8 – ZnSe window
9 – HgCdTe detector
10 – Microbalance
11 – H2 gas inlet











Figure 2: (a) Arrhenius plot of the deposition
rate R and (b) influence of the temperature T on
the gas partial pressures Pi at the reactor outlet


























































Figure 3: (a) Raman spectrum (from the outer
surface) and (b) high resolution TEM image
(inset: selected area diffraction pattern) of a
coating obtained at T = 950 °C, P = 2 kPa, α =
13 and Qtot = 150 sccm
Figure 4: Raman spectra of coatings obtained at
different temperatures T and at P = 2 kPa, α =
13 and Qtot = 150 sccm (from polished cross
sections)










Figure 5: Influence of the
temperature T on the elemental
composition of the solid deposit





















P = 10 kPa
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Figure 6: TEM images of a coating obtained at
T = 1100 °C, P = 2 kPa, α = 13 and Qtot = 150
sccm. (a) bright field, (b) 111 dark field, (c)









































































Figure 7: Gas, solid and total mass
yield of (a) Si and (b) C, (c)
comparison of the total Si, C and Cl
total mass yields (P = 2 kPa, α = 13
and Qtot = 150 sccm)
Figure 8: (a) Arrhenius plot of the deposition
rate R and (b) influence of the temperature T on
the gas partial pressures Pi at the reactor outlet






















































Figure 9: (a) Arrhenius plot of the deposition
rate R and (b) influence of the temperature T on
the gas partial pressures Pi at the reactor outlet













































































T = 1100 °C
T = 1075 °C
T = 1025 °C
T = 950 °C
R x10
Figure 10: Influence of the total gas
flow rate Qtot on the deposition rate
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Figure 11: Influence of the gas
residence time R on the partial
pressures Pi at the reactor outlet (P =
2 kPa, α = 13, (a) T = 950°C, (b) T =
1100°C,
Figure 12: VTS decomposition
kinetics, as deduced from the
temperature dependence of the VTS































P = 10 kPa
P = 5 kPa
P = 2 kPa
Figure 13: Influence of the total gas
flow rate Qtot on the deposition rate
R, at different P – T conditions (α =























P = 5 kPa, T = 1025 °C
P = 2 kPa, T = 1025 °C
P = 10 kPa, T = 900 °C
97
Figure 14: Influence of the VTS
dilution ratio a on the deposition rate


















































Figure 15: Influence of the VTS
dilution ratio a on the decomposition
















T = 1000 °C























T = 1000 °C
T = 975 °C
(b)
Figure 16: Influence of the initial
VTS partial pressure PVTS
0 on (a) the
deposition rate R and (b) the residual
VTS partial pressure PVTS at the at
















T = 1000 °C























T = 1000 °C
T = 975 °C
(b)
Figure 17: Influence of the initial H2
partial pressure PH2
0 on (a) the
deposition rate R and (b) the residual
VTS partial pressure PVTS at the
reactor outlet (P = 2-2.5 kPa, Qtot=
205 sccm).
Figure 18: Influence of the VTS
dilution in argon on (a) the
deposition rate R and (b) the gas
partial pressures Pi at the reactor
outlet (PAr
0/PVTS
0 = 13, P = 2 kPa,






































































T = 1000 °C




















T = 1000 °C




















T = 1000 °C
T = 975 °C
(b)
Figure 19: Influence of the (a) TCS (PTCS
0), (b) C2H4
(PC2H4
0) and (c) C2H2 (PC2H2
0) partial pressure added
in the initial gas phase on the deposition rate R (P =
2-2.2 kPa, α = 20, Qtot= 205 sccm). Horizontal dotted
lines indicate the R values obtained without gas
product addition.
Figure 20: Model porous substrates used for CVI experiments (a) before and (b) after
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Figure 21: Normalized deposition
rate along the various openings
model channel pores (x = 0 at the
entrance of the channel pore, T =


































Figure 22: Normalized deposition
rate of pure SiC along the 300 mm-
opening model channel pore (x = 0 at
the entrance of the channel pore, P =
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Figure 23: Comparison of the
Arrhenius plots of the deposition rate
at P = 2 kPa for MTS/H2 (QH2/QMTS
= 10, Qtot = 200 sccm) [34],
SiHCl3/C2H4/H2 (QH2/QSiHCl3 = 10,
QC2H4/QSiHCl3 = 3/2, Qtot = 250 sccm)
[34] and VTS/H2 (α = 13, Qtot = 150
sccm)
Figure 24: Comparison of the
normalized deposition rate of pure
SiC along the 300 mm-opening
model channel pore, at P = 2 kPa, for
MTS/H2 (T = 970°C, QH2/QMTS = 3,
Qtot = 160 sccm) [34],
SiHCl3/C3H8/H2 (T = 970°C,
QH2/QSiHCl3 = 10, QC3H8/QSiHCl3 = 1,
Qtot = 240 sccm) [34] and VTS/H2 (T
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P = 5 kPaP = 2 kPa
1100 1000 900 800 T (°C)
Figure SI1: Arrhenius plots of the
deposition rate R at different























1100 1000 900 800 T (°C)
Figure SI2: Arrhenius plot of the
deposition rate R (P = 2 kPa, α = 20
























T = 950 °C
T = 1025 °C
Figure SI3: Kinetics of VTS
homogeneous decomposition (P = 2
kPa, α = 12)
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